Deficiencies of subunits of the transcriptional regulatory complex Mediator generally result in embryonic lethality, precluding study of its physiological function. Here we describe a missense mutation in Med30 causing progressive cardiomyopathy in homozygous mice that, although viable during lactation, show precipitous lethality 2-3 wk after weaning. Expression profiling reveals pleiotropic changes in transcription of cardiac genes required for oxidative phosphorylation and mitochondrial integrity. Weaning mice to a ketogenic diet extends viability to 8.5 wk. Thus, we establish a mechanistic connection between Mediator and induction of a metabolic program for oxidative phosphorylation and fatty acid oxidation, in which lethal cardiomyopathy is mitigated by dietary intervention.
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heart | metabolism | peroxisome proliferator-activated receptor-γ coactivator-1α T he Mediator complex encompasses ∼30 proteins necessary for expression of RNA polymerase II-transcribed genes (1), binding simultaneously to Pol II and to gene-specific transcriptional activators and promoting preinitiation complex assembly (2, 3) .
The fundamental requirement for Mediator in eukaryotic gene expression is demonstrated by the fact that all mutant alleles of murine Mediator subunits generated to date are homozygous lethal during embryonic development. Med1 −/− mice do not develop further than embryonic day 11.5, and a Med1 hypomorphic mutant dies before embryonic day 13.5, displaying a plethora of developmental defects (4, 5) . Mice deficient in Med24 die before embryonic day 9.5 with severe developmental abnormalities (6) . Med21 is essential for survival past the blastocyst stage of mouse embryonic development (7) . Other lethal effects have been reported during embryogenesis in mice and zebrafish, with truncations of Cdk8 and Med12, respectively (8, 9) . So far, only Med1 and Med24 deficiencies permit survival to a sufficiently differentiated stage of development in which analysis of distinct tissues is possible. In humans, missense mutations of MED12 lead to neurological abnormalities observed in Opitz-Kaveggia syndrome (10) or Lujan-Fryns syndrome (11) . Understanding the mechanisms and consequences of Mediator binding to various transcription factors in the context of cell or tissue type, developmental stage, and biological process has thus been hampered by the embryonic lethality of Mediator mutants.
In mammals, Mediator was first isolated by virtue of its direct association with nuclear hormone receptors in complexes, including TRAP (thyroid hormone receptor-associated proteins) and DRIP (vitamin D receptor-interacting proteins), and was shown to play a key role in hormone-dependent signaling (2, 3) . However, the physiological relevance of individual complex components to metabolism or disease has only recently begun to emerge. Here we describe zeitgeist (zg), a recessive N-ethyl-Nnitrosurea (ENU)-induced phenotype attributed to a missense mutation in Med30. Initially isolated from the TRAP complex (1), MED30 is a component of the Mediator core thus far not associated with any phenotype in living organisms. In contrast to other models with Mediator deficiencies, homozygous zeitgeist mice are physically indistinguishable from littermates at the time of weaning, but develop progressive cardiomyopathy that is invariably fatal by 7 wk of age. Mechanistically, the Med30 zg mutation causes a progressive and selective decline in the transcription of genes necessary for oxidative phosphorylation (OXPHOS) and mitochondrial integrity, eventually leading to cardiac failure. Remarkably, a ketogenic diet (KD) significantly extends the lifespan of homozygotes.
Results and Discussion
We serendipitously observed conspicuous and frequent premature death in a pedigree of C57BL/6J G3 mice homozygous for ENU-induced mutations. This phenotype was mapped to a 14.4-Mbp critical region on Chromosome 15 ( Fig. 1A and Fig. S1 ) and ascribed to a single nonsynonymous A-to-T transversion in the first of the four exons of Med30 (Fig. 1B) . The mutation resulted in an isoleucine to phenylalanine substitution at amino acid 44 of the 178-residue protein. An isoleucine at the corresponding position is conserved in MED30 of all vertebrate and invertebrate species examined (Fig. 1C) . Complementation studies between a gene-trap allele of Med30, in which the last exon was deleted and the Med30 zg allele, did not produce any compound heterozygotes, suggesting the zeitgeist mutation is hypomorphic and embryonic lethal when placed in trans with a null allele of the same gene (Table S1 ).
Other components of Mediator are critical for heart development and anatomy in mice (4) (5) (6) . In humans, truncation or missense mutations in MED13L, a MED13 homolog, have been observed in some patients with transposition of the great arteries (12) . In contrast, Med30 zg/zg mice showed no developmental anomaly per se, only progressive heart failure postweaning. However, Med30 zg/zg mice were born to heterozygous parents at a frequency beneath expectation, indicating that attrition of homozygotes occurs prenatally (Table S2 ). Genotyping of embryos at gestational day 15.5 suggested that death may occur after this time point (Table S2) .
Dissection of moribund Med30
zg/zg mice revealed a dilated cardiomyopathy (DCM), affecting all chambers of the heart (Fig.  1D) , and ascites. In situ MRI analysis indicated progressive dilation of the ventricles, which became prominent at 32 d of age (Fig. 1E) . Further histopathological investigations of Med30 zg/zg mice showed fibrosis of the atrial wall (Fig. S2A) , focal myocardial necrosis ( Fig. 2A) , myofibril loss, and diffuse interstitial fibrosis (Fig. 2B ) of dilated hearts. Echocardiography of Med30 zg/zg mutants shortly before death indicated ventricle and atrium dilation (Fig. 2C) . Furthermore, the contractility of mutant hearts was very poor, with a fractional shortening of 13.9 ± 5.9% vs. 45.7 ± 4.0% for wild-type controls (P < 0.001) (Table S3 ). Dilation and functional impairment of mutant hearts were progressive and started after 4 wk of age ( Fig. 2D and Fig. S2B ). These data support the conclusion that Med30 zg/zg mice die of heart failure stemming from myocardial necrosis, fibrosis, and consequent impaired myocardial contractility.
The function of other vital organs, including the liver and kidneys, appeared intact in homozygotes, although moderate prerenal azotemia was apparent (Table S4 ). Blood lactate concentration did not differ between wild-type and Med30 zg/zg mice, suggesting that the phenotypic anomaly is restricted to cardiac muscle (Fig. S3) . Alternatively, the brief lifespan of mutants may not allow skeletal muscle or other organs to display a detectable phenotype.
Mutations in cytoskeletal or sarcomeric proteins are commonly responsible for inherited DCM (13), but mitochondrial dysfunction can also instigate cardiomyopathy (14) . We therefore examined cardiomyocytes in the left ventricle (LV) of homozygous Med30 zg/zg hearts by electron microscopy. We observed disorganization of the Z-band pattern and shortening of I bands (Fig. 3A) . We also observed abnormalities in mitochondrial morphology characterized by cristolysis and the formation of membranous swirls within individual mitochondria (Fig. 3B ), features that became apparent after 4 wk of age ( Fig. 3 C and D) . The degree and extent of mitochondrial alterations were irregular, both among neighboring cells and within single cardiomyocytes ( Fig. 3 B and E). In the most severe cases, such changes were associated with disappearance of myofibrillar structure ( Fig. 3E) , augmentation of the interstitial space between the cardiomyocytes (Fig. 3D) , and increased numbers of intercalated fibroblasts (Figs. 2B and 3D). Similar mitochondrial anomalies result from deficiencies affecting OXPHOS (15, 16) . Therefore, we assessed the enzymatic activity of complexes of the electron transport chain (ETC) in mutant cardiac mitochondria. Analysis of total cardiac mitochondria and in situ analysis revealed a significant decline in the function of several ETC complexes, in the rate of oxygen consumption, and in coupling efficiency (Fig. 3 F and G). We observed no differences in the number or volume of mitochondria relative to those of wild-type mice, nor accumulation of lipid droplets ( Fig. 3A and Fig. S4 ), as previously reported for other models of cardiomypathy (15, 17, 18) . We conclude that in Med30 zg/zg mice, impaired OXPHOS leads to mitochondrial deterioration and dysfunction.
Mediator functions as a transcriptional regulator. To gain insight into the transcriptional defect imparted by Med30 zg/zg , we used a candidate approach and analyzed the expression level of selected genes involved in OXPHOS, in the generation of substrates for electron transport, and in the regulation of mitochondrial biogenesis. Examination at 32-39 d of age of the transcriptional profile of the LV of zeitgeist homozygotes with DCM compared with that of wild-type mice revealed 81% and 73% reductions, respectively, in transcripts of Ppargc1a and Esrra, which encode PGC-1α (peroxisome proliferator-activated receptor-γ coactivator-1α) and estrogen-related receptor (ERR)α, key transcriptional regulators of mitochondrial biogenesis, OXPHOS, and fatty acid oxidation (FAO) (19) (20) (21) . PGC-1α acts as a coactivator that binds to and enhances the transcriptional activity of the transcription factor ERRα. There was also significant down-modulation of the expression of the genes encoding citrate synthase (Cs) and several subunits of complex I, II, and IV of the ETC (Table 1) . Many OXPHOS genes, including Cox5b, Cox6a2, Ndufs2, Sdha, and Sdhb, are direct targets for PGC-1α-ERR- mediated coactivation (22) . Thus, reduced Ppargc1a expression in homozygous zeitgeist hearts may prevent adequate expression of OXPHOS genes (Table 1) , resulting in a corresponding diminution in the activity of ETC complexes (Fig. 3 F and G) . When examined at weaning age (23 d, when mice appear healthy) and at 30 d of age (just before the precipitous decline in heart function), selected transcriptional regulator and OXPHOS transcripts showed a progressive decline in expression relative to levels in wild-type controls (Fig. 4A) . In particular, the levels of Ppargc1a and Esrra transcripts were similar to those in wild-type mice on day 23, but were reduced 50% relative to wild-type levels on day 30 before heart failure. These data suggest that the progressive decline in expression of genes required for electron transport between postnatal days 23 and 30 leads to mitochondrial dysfunction and subsequent heart failure in Med30 zg/zg mice. Notably, the expression of Med30 itself did not differ significantly between mutants and wild-type mice at 23 or 30 d of age (Fig.  S5A) . PGC-1α is also a regulator of enzymes important for detoxification of reactive oxygen species (23), consistent with the 67% down-modulation of Sod2 transcript expression in mutant hearts (Table 1) .
In our attempts to understand the progressive course of the Med30 zg/zg phenotype, we considered environmental changes that precede disease onset. In the developing heart, the early postnatal period is characterized by a metabolic shift from fetal glucose and lactate oxidation to mitochondrial FAO, a program depending on the PGC-1 and ERR isoforms (21, 24) . Because the health of homozygous zeitgeist mice deteriorates within a few days of separation from their mothers, we hypothesized a role for MED30 in accommodation to the dietary change associated with weaning, which entails a reduction in fat intake. Mouse milk is exceptionally rich in fat, containing 42% lipids in the C57BL/6J strain (25) . Regular chow has a mere 5-9% fat content. Strikingly, newly weaned mutants fed a KD had a significantly increased lifespan, with all mice surviving at least 10 d after 100% lethality was observed in mutants weaned to chow (Fig. 4B) . Moreover, in 30-d-old KD-fed Med30 zg/zg mice, cardiac expression of Ppargc1a, Esrra, Sod2, and several OXPHOS genes was increased compared with chow-fed Med30 zg/zg controls, albeit to levels below those measured in wild-type hearts (Fig. 4A) . These data are consistent with reports that a KD induces up-regulation of Ppargc1a expression (26) and reduces oxidative stress (27) . We infer that the KD counterbalances the detrimental effects of the zeitgeist mutation by stimulating, through unknown mechanisms, the expression of Ppargc1a, Esrra, and other OXPHOS genes. Rescue is impermanent, however, and by 45 d of age, gene expression has declined in mice maintained on a KD (Fig. 4A) .
Although the nature of the association between MED30, PGC-1α, and ERRα has not been explored, PGC-1α can directly engage Mediator through MED1 (28), for which a role has been demonstrated in FAO and glucose metabolism (29, 30) . MED30 zg , as part of Mediator, might disturb this interaction, and in turn the interaction of the PGC-1α-Mediator complex with target genes. However, immunoprecipitation of the Mediator complex from nuclear extracts from primary cells using either MED4 or MED30 antibodies did not reveal any major perturbation of Mediator complex integrity by endogenous MED30 zg (Fig. S5B ). Of note, in patients with heart failure, including DCM and ischemic heart disease, FAO is reduced but glucose metabolism is favored, recapitulating the fetal metabolic program. These changes are associated with diminution of Ppargc1a and Esrra expression (31, 32) . The signals leading to their down-regulation during heart failure are still elusive (33) , although MYC has been proposed as a potential upstream repressor of Ppargc1a transcription (34) .
Our findings establish a connection between Mediator function and the induction of a metabolic program for mitochondrial OXPHOS and FAO, with a specific impact on cardiac function. Mitochondrial cardiomyopathy has been associated with numerous mutations in both mitochondrial and nuclear DNA-encoded genes (14, (35) (36) (37) (38) . Our data indicate that genetic lesions affecting Mediator complex subunits should also be considered as a possible cause of primary cardiomyopathies in humans, particularly in pediatric cases given the importance of MED30 to early cardiac function during the period of weaning in mice. Such diseases may not be associated with anatomic abnormalities, such as shunts. Our findings also illustrate that, at least in some instances, morbidity and mortality may be mitigated by dietary modifications.
Materials and Methods
Mice. All mouse studies were performed in accordance with institutional regulations governing animal care and use and were approved by the Scripps Research Institute Institutional Animal Care and Use Committee. C57BL/6J mice were bred locally at The Scripps Research Institute and treated with ENU, as previously described (39) . The zeitgeist strain is described at http:// mutagenetix.utsouthwestern.edu. The gene trap line was reconstituted from the SIGTR ES cell line CH0776 obtained from the Mutant Mouse Regional Resource Center. Bio-Serv F3666 diet was used for the KD.
Genetic Mapping and Mutation Identification. Death was used as a phenotype to assign the mutation to a region on chromosome 15 (Fig. S1 ). Genetic mapping was performed as described (http://mutagenetix.utsouthwestern.edu/protocol/protocol_rec.cfm?pid=14) using a genome-wide panel of 128 simple sequence-length polymorphisms distinguishing C57BL/6J from the mapping strain, C3H/HeN. Six additional markers were used for meiotic mapping as indicated in Fig. S1A . Only mice with phenotype were used for mapping. All coding sequences within 71 annotated genes in the critical region were subjected to bidirectional capillary sequencing and 71.2% coverage to a phred score of 30 or greater was achieved on at least one strand.
Histological Studies. Paraffin-embedded sections were stained with H&E or with Masson's trichrome.
LV from paraformaldehyde-and glutaraldehyde-fixed heart tissues were used for electron microscopy and examined with a Philips CM100 electron microscope. Images were documented with a Megaview III CCD camera (Olympus).
MR Imaging. For MRI, mice were anesthetized and hearts were arrested in diastole phase by injecting a KCl solution. Whole mice were fixed in formalin before in situ imaging. Hearts were scanned using a 7T micromagnetic resonance imaging system (Biospin 7T/30; Bruker). MRI scanning was carried out using a 3D T1-weighted image protocol (RARE T1, TE = 12.3 ms, TR = 1,300 ms; Bruker Paravision). Field of view was set as 40 × 40 × 40 mm (512 × 512 × 256 voxels). MRI scan was taken for ∼10 h. Acquired 3D-stack MRI images were then converted to standard DICOM images and multiplane image reconstruction was performed using OsiriX software (OsiriX v3.8.1) and a computer (Mac Pro, Apple Inc.).
Echocardiography Measurements. A Philips IE33 ultrasound unit with a 17-MHz linear transducer was used for echocardiography of anesthetized animals. Long-and short-axis M-mode at the level of the papillary muscle was used for measurement of diastolic and systolic diameter of LV, as well as wall thickness. Pulsed-wave Doppler was performed at the LV outflow tract, right ventricular outflow tract, mitral, and tricuspid valves for recording the flow pattern and velocity.
Mitochondrial Isolation and OXPHOS Enzyme Analysis. Mitochondria were isolated from mouse hearts by homogenization and differential centrifugation, as previously described (40) . Briefly, mouse hearts were collected, washed with isolation buffer, minced, digested with collagenase, and homogenized using a Dounce homogenizer. The homogenate was subjected to low-speed centrifugation to remove nuclei and cell debris and high-speed zg/zg hearts, n = 3 for day 23 CD; n = 8 for day 30 CD; n = 5 for day 30 KD; n = 5 for day 45 KD. For Med30 +/+ hearts, n = 2 for day 23 CD; n = 3 for day 30 CD; n = 5 for day 30 KD; n = 4 for day 45 KD. (B) KaplanMeier survival curve of Med30 zg/zg mice (n = 3; ***P = 0.0002) on a KD compared with Med30 zg/zg mice on a regular diet (n = 71). Significance was determined by log-rank test. ns, not significant. centrifugation to collect mitochondria. Respiration and enzymatic assays were performed using standard protocols (40) .
Mitochondrial Histochemical Staining. Mouse hearts were collected and frozen freshly in OCT compound with isopentane supercooled by liquid nitrogen. Sixmicrometer sections were cut with a cryostat and stained for succinate dehydrogenase (complex II) or cytochrome c oxidase (complex IV) activities, as described previously (41) .
Quantitative RT-PCR of Heart Tissue. Mutant and wild-type heart were perfused with ice-cold PBS and LV were isolated and homogenized in TRIzol reagent (Invitrogen). Total RNA was purified according to the manufacturer's recommendations and subjected to first-strand cDNA synthesis using a RT super mix kit (BioPioneer). RNA levels were analyzed by quantitative RT-PCR with a SYBR Green-based kit (qPCR supermix; BioPioneer). For each biological sample, quantitative PCR reactions were performed in duplicate, and expression was normalized to Rpl32 expression, which has been reported to be a stable reference in mouse failing myocardium (42) . P values were determined by comparing the relative expression of indicated gene in Med30 zg/zg vs. Med30 +/+ LV.
Statistical Analyses. For Kaplan-Meier survival curve, significance of difference was determined by log-rank test. For differences between observed and expected numbers of progeny, significance was determined by either χ 2 test or the Freeman-Halton extension of the Fisher exact probability test. For all of the other tests, the statistical significance of differences was determined by unpaired Student's two-tailed t test. All tests were calculated using GraphPad Prism version 4.00 software. For all figures: ns, nonsignificant; unless a specific P value is indicated, *P < 0.05; **P ≤ 0.01; ***P ≤ 0.001. Values of quantitative results are expressed as mean ± SEM.
